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Abstract 
The combustion behavior and characteristics of oil palm residues  empty fruit bunch (EFB) and palm kernel shell 
(PKS)  were investigated in a thermogravimetric analyzer. A 15-mg sample of each biomass was heated from 30 °C 
to 900 °C at four heating rates (within 1040 °C/min) in a dry air flow of 50 ml/min. The TG/DTG curves showing 
the degradation behavior and the combustion characteristics (specific temperatures) of the EFB and PKS samples 
were obtained from the thermogravimetric analysis and compared between the two biomasses. The kinetic equation 
with relevant parameters describing the time dependant biomass degradation was obtained for each oil palm residue 
according to the Coats-Redfern method. The findings revealed the excellent combustion properties of both selected 
biomasses. However, EFB exhibited higher thermal and combustion reactivity compared to PKS.   
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1. Introduction 
In Thailand, oil palm residues are important and promising biomass resources with a significant total 
energy potential, assessed as 186 PJ/year [1]. With the substantial availability and calorific value, some of 
these residues, e.g., empty fruit bunch (EFB) and palm kernel shell (PKS), show a great potential to be 
used as fuel in direct combustion systems. However, by present time, a limited information on the 
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combustion characteristics of oil palm residues (such as initial and final temperatures of the combustion, 
thermal reactivity, and degradation rate) supporting the selection of a combustion method and optimal 
combustion conditions for the effective burning of a fuel, has been provided in literature [2].  
Thermogravimetric analysis (TGA) is reported to be an advanced tool to investigate and compare the 
thermal and combustion reactivity of various biomasses. Thermogravimetric (TG) and derivative 
thermogravimetric (DTG) curves, the major output of TGA, are basically used to characterize the 
devolatilization and combustion behavior of a biomass sample, and to quantify the above-mentioned 
combustion characteristics of fuel. Besides, the results from the thermogravimetric tests gives an 
important data for determining some kinetic characteristics of a biomass during its degradation in the 
oxidizing medium, such as the reaction order and the kinetic constants [3–5]. 
As any other biomass, oil palm residues are expected to consist mainly of hemicellulose, cellulose, and 
lignin, with some biopolymer extractives being minor components [3,6]. The content of these components 
in a biomass affects the texture, physical properties (e.g., density and hardness), and (more importantly) 
thermal and combustion reactivity of the feedstock. Decomposition of hemicellulose occurs generally at 
relatively low temperatures, 160–360 °C, whereas volatilization of cellulose is typically observed at 240–
400 °C. Unlike with hemicellulose and cellulose, decomposition of lignin occurs within a substantially 
wider temperature range, however at a comparatively lower rate, which is noticeable at 200–700 °C but 
attaining a maximum at 500–600 °C [3,4,7]. This information on the temperature ranges of hemicellulose, 
cellulose, and lignin facilitates an interpretation of the TG/DTG characteristics of a selected biomass.     
The main objective of a current study was to investigate the degradation behavior and the combustion 
characteristics of EFB and PKS with the aim to assess the thermal and combustion reactivity of these oil 
palm residues. Specific temperatures (such as the ignition, peak, and burnout temperatures), as well as the 
kinetic modeling of the two residues for variable TGA conditions, were also the focus of this study. 
2. Materials and Methods 
2.1. Biomass properties 
Table 1 shows the proximate and ultimate analyses, as well as the structural analysis, and the lower 
heating value (LHV) of the selected fuels. Both biomasses had a significant amount of volatile matter, a 
moderate proportion of fixed carbon, but rather low contents of moisture and ash, the latter being 
responsible for a relatively high LHV of the two residues: 18.4 MJ/kg for EFB, and 16.3 MJ/kg for PKS.  
Like many other lignocellulosic biomasses, EFB and PKS consisted mainly of hemicellulose, cellulose, 
and lignin (> 90 wt.% total). However, compared to PKS, high fibrous EFB included substantially greater 
proportions of hemicellulose and cellulose, as seen in Table 1. On the contrary, PKS had a much greater 
proportion of lignin, which is likely responsible for a hard structure of the shells.  
2.2. TG/DTG analysis of the biomasses 
A “Mettler Toledo” TGA/DSC1 thermogravimetric analyzer was employed to obtain the 
thermogravimetric characteristics (TG and DTG curves) of the selected biomasses. Dry air was used as 
the furnace medium, which was supplied into the analyzer furnace at a flowrate of 50 ml/min in all test 
Table 1. Ultimate and proximate analyses, chemical structure, and lower heating value of empty fruit bunch and palm kernel shell 
Fuel Ultimate analysis (wt.%, as pre-dried 
for EFB and as-received for PKS) 
Proximate analysis (wt.%, as pre-dried 
for EFB and as received for PKS) 
Chemical structure (wt.%, as dry and 
ash free)  
LHV 
C H N O S W VM FC A Hemi-cellulose Cellulose Lignin MJ/kg 
EFB 48.20 6.49 0.47 31.74 0.10 8.2 74.2 12.8 4.8 16.3 56.4 17.9 18.4 
PKS 48.06 6.38 1.27 34.10 0.09 5.4 71.1 18.8 4.7 14.4 33.4 46.3 16.3 
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runs. Prior to testing, both EFB and PKS were ground and sieved to ensure fine biomass particle sizes, 
basically less than 200 μm. During the thermogravimetric tests, a sample with the initial weight of 15 mg 
was heated from 30 °C to 900 °C at four heating rates (10 °C/min, 20 °C/min, 30 °C/min, and 40 °C/min). 
Experimental tests for selected conditions were performed three times for repeatability.  
2.3. Kinetic study 
In this study, the Coats–Redfern method [8] was applied for modeling the decomposition (combustion) 
kinetics of EFB and PKS. By this method, kinetic parameters of a biomass, such as the activation energy 
(E), the pre-exponential factor (A), and the reaction order (n), can be determined. The biomass 
decomposition rate (α) is represented as a time-related parameter in the dimensionless form as: 
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where w0, wf, and τw  are the initial, final and current (at time W) weights of the biomass sample. 
In general, the kinetic equation can be represented in the form of an ‘‘n-th’’ order model describing 
the biomass decomposition with respect to time as: 
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where A is the pre-exponential factor, E is the activation energy, R is the universal gas constant, and T is 
time-related (current) temperature. 
For non-isothermal TGA experiments at constant heating rate (β= const.), Eq. (2) can be rewritten as: 
 
d
exp d
(1 )n
A E
T
RT
D
D E 
§ ·¨ ¸© ¹                                                                                                                (3) 
 
Taking into account the assumption of the Coats-Redfern method (2RT/E << 1), and also assuming 
that the value of E is unchanged over a selected temperature range, Eq. (3) after its integration yields: 
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The left-hand side of Eq. (4) and Eq. (5) was designated as y. For the selected temperature range and 
the properly selected n, experimental data from a thermogravimetric test can be fitted by a first-order line: 
 
bxay                                                                                                                                                (6) 
 
where x = 1/T, and a designates the first term on the right-hand side of Eq. (4) and Eq. (5). 
For variable x (or T), the curve y = f(x) for the selected n can be then plotted on a semi-logarithmic 
graph to quantify the kinetic constants: E (by using the fit slope b) and A (from the expression for a). 
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3. Results and Discussion 
3.1. Thermogravimetric analysis 
Fig. 1 depicts the TG/DTG curves of EFB and PKS for the heating rate of 20 °C/min. As seen in Fig. 1, 
three (for EFB) or four (for PKS) sequent stages can be observed in TGA, as the furnace temperature was 
increased. During the biomass degradation, the temperature range of distinct stages was associated with 
the decomposition of the biomass components, and this range was determined using the boundary 
temperatures corresponding to the two neighbor minimums on the DTG curve [4].  
Within temperatures of 160–400 °C (during decomposition of hemicellulose and cellulose), the DTG 
profile of EFB exhibited only one peak temperature (Tp,1 = 295 °C), while the DTG profile of PKS within 
the same temperature range exhibited two regions, and accordingly two peak temperatures: Tp,1 = 298 °C 
and Tp,2 = 340 °C. At 160–400 °C, some amount of lignin of both biomasses was decomposed as well [3].  
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Fig. 2. Effects of the heating rate on TG (upper) and DTG (lower) curves of (a) EFB and (b) PKS samples 
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Fig. 1. TG and DTG curves of (a) EFB and (b) PKS samples tested at a heating rate of 20 °C/min 
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At temperatures over 400 °C, the mass loss was mainly caused by (i) the decomposition of remained 
lignin (accompanied by its conversion into char [3]), and (ii) further oxidation of the char by air. The 
maximum rate of biomass degradation at the final stage indicated another specific characteristic of the 
DTG curve associated with the lignin decomposition: Tp,2 = 480 °C for EFB, and Tp,3 = 560 °C for PKS.  
Based on the combined analysis of the TG and DTG curves, the ignition temperature (Tign) and the 
burnout temperature (Tb) were determined to be, respectively: 245 °C and 560 °C for EFB, and 270 °C 
and 610 °C for PKS. Due to quite low Tp,1 and Tb, EFB and PKS are expected to burn with high combustion 
efficiency in fluidized-bed combustion systems at typical operating temperatures (800–900 °C). 
3.2. Effects of the heating rate 
 
 
 
 
The TG and DTG profiles of EFB and PKS tested at different heating rates are shown in Fig 2. As seen 
in Fig. 2, the TG and DTG curves of the both residues shifted to higher temperature region as increasing 
the heating rate, consequently resulted in the increase of all combustion characteristics as summarized in 
Table 2. This fact is likely due to a limitation in heat transfer efficiency at the higher heating rates. On the 
other hand, the heating of biomass particles occurred more gradually leading to an improved and more 
effective heat transfer to the inner portions and among the particles when testing at lower heating rate. 
 
Table 2. Thermogravimetric characteristics of EFB and PKS at different heating rates 
  Biomass Heating rate 
Temperature (°C) 
Tp,1 Tp,2 Tp,3 Tign Tb 
  EFB 
 
 
 
 
10 277 436 - 258 504 
20 295 471 - 267 557 
30 318 462 - 280 620 
40 319 487 - 279 641 
  PKS 
 
 
 
10 295 330 515 260 539 
20 300 345 543 268 586 
30 320 363 570 279 621 
40 323 366 590 280 668 
Table 3. Fitting equation and kinetic parameters of EFB and PKS for different heating rates and temperature ranges 
Biomass 
Heating rate 
(°C/min) 
Temperature 
range (°C) 
Fitting equation 
Correlation 
coefficient (r) 
Activation energy 
(E, kJ/mol) 
Pre-exponential 
factor  (A, 1/min) 
Reaction order  
(n) 
EFB 
 
 
 
 
 
 
 
 
10 162–374 
383–507 
y = – 13.83 + 15.01x  
y = 4.966 + 5.314x  
0.9949 
0.9700 
125 
44.4 
1.50 × 1011 
372 
5.1 
1.1 
20 183–381 
390–588 
y = – 12.28 + 14.83x  
y = 6.139 + 4.829x  
0.9970 
0.9471 
123 
40.2 
6.00× 1010 
208 
4.5 
1.1 
30 183–390 
399–624 
y = – 9.805 + 13.86x  
y = 7.354 + 4.106x  
0.9884 
0.9061 
115  
34.4 
7.54 × 109 
78.5 
3.9 
1.3 
40 
 
188–394 
403–664 
y = – 7.551 + 12.77x  
y = 7.810 + 3.832x  
0.9954 
0.9412 
106  
31.8 
9.72 × 108 
62.2 
5.3 
1.3 
PKS 
 
 
 
 
 
 
 
 
 
 
 
10 171–303 
312–374 
383–568 
y = – 17.42 + 17.51x  
y = – 10.78 + 13.84x  
y = 6.882 + 4.369x  
0.9930 
0.9975 
0.9534 
146 
115 
36.3 
6.00 × 1012 
7.00 × 109 
44.83 
6.9 
6.0 
0.8 
20 183–318 
327–390 
399–624 
y = – 13.49 + 16.27x  
y = – 7.926 + 12.46x  
y = 3.783 + 3.254x  
0.9975 
0.9945 
0.9370 
135 
104 
27.1 
2.93 × 1011 
6.90 × 108 
10.43 
5.5 
5.8 
0.8 
30 174–327 
336–408 
417–642 
y = – 10.85 + 14.46x  
y = – 6.297 + 11.58x  
y = 10.10 + 2.286x  
0.9934 
0.9899 
0.9539 
120 
96.3 
19.0 
2.24 × 1010 
1.89 × 108 
2.82 
3.9 
5.5 
0.8 
40 188–338 
347–412 
422–702 
y = – 9.930 + 13.78x  
y = – 4.391 + 10.59x  
y = 11.22 + 1.559x  
0.9950 
0.9869 
0.9050 
115 
88.0 
12.0 
6.40 × 109 
3.00 × 107 
0.835 
3.3 
5.0 
0.7 
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This phenomenon has also been observed elsewhere [6].    
3.3. Kinetic parameters 
Table 3 shows the kinetic parameters of EFB and PKS for different heating rates. For accurate fitting 
of the experimental data, the kinetic characteristics were determined for distinct temperature regions, with 
the corresponding peaks on the DTG curve of each biomass. As seen in Table 3, at similar temperatures, 
the activation energy (E) and the reaction order (n) for both fuel options decrease with higher heating rate. 
The two residues decompose at a faster rate at the increased heating rate complying with the DTG 
characteristics. The frequency factor (A) exhibited the trend similar to that of E. The kinetic parameters 
obtained from this study were in good agreement with those from a study on the pyrolysis of oil palm 
residue reported in literatures [6,7]. It can be generally concluded from the thermogravimetric study that 
with lower Tign, Tp,1, Tb, and E, EFB can be characterized as a fuel with higher thermal/combustion 
reactivity compared to PKS. 
4. Conclusions 
Empty fruit bunch and palm kernel shell, the major residues from the palm oil production, are 
lignocellulosic biomasses, both showing excellent combustion properties and a great potential as fuels for 
heat and power generation. Due to the lower ignition and burnout temperatures, and lesser activation 
energy, empty fruit bunch exhibits substantially higher thermal and combustion reactivity compared to 
that of palm kernel shell. The kinetic parameters of the two fuels obtained from this study can be used for 
the time-domain modeling of the fuel decomposition until its full degradation. 
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